Inbreeding species of Lolium have about 40 per cent more nuclear DNA than the outbreeding species. Even so inbreedcrs may be readily hybridised with outbreeders to produce viable F1's which, in many cases, are fertile, producing F2 progenies on intercrossing or backcross progenies when crossed with the parents.
INTRODUCTION
SPECIATION, among flowering plants in particular, is often accompanied by massive variation in nuclear DNA amount. Particularly striking are instances which have resulted in very marked differences in nuclear DNA amount between very closely related species. In the genus Lolium, for example, the inbreeding species have about 40 per cent more nuclear DNA than the outbreeders (table 1) . Despite the large DNA difference, the ship to permit hybridisation between them. Most of the F1 hybrids, moreover, are fertile, producing F2's by selfing or intercrossing and backcross progenies by crossing with either "high" or "low" DNA parents. The DNA variation between the inbreeding and outbreeding Lolium species is not due to a difference in chromosome number. All species are diploids with 2n = 14. The" extra "or supplementary DNA in the inbreeders is therefore due to the amplification of base sequences within the chromosomes (Rees and Jones, 1967) . As a result the chromosomes of the inbreeding species are larger than those of the outbreeders. The genetic significance of the supplementary DNA within the genus or, indeed, within numerous other genera, both of plants and animals, remains largely unresolved. In short, we do not know what effect, direct or indirect, the supplementary DNA has upon the growth and development of the phenotype. We describe, below, an attempt at assaying these effects by examining the phenotypes of individuals with different DNA amounts in F2 and backcross progenies from interspecific hybrids in Lolium, progenies in which there is segregation for nuclear DNA amount due to recombination at meiosis in the F1.
MATERIALS AND METHODS
(i) The assay When inbreeding Lolium species, with high DNA and large chromosomes, are crossed with outbreeders with low DNA and small chromosomes we expect, and find, the nuclear DNA amount in the F1 hybrids to be intermediate between those of the parents ( fig. 1 ). At meiosis in the F1, recombination among chromosomes, by random assortment, and recombination within chromosomes, by crossing-over, will generate gametes with DNA amounts varying from the haploid amount in the low DNA parent, with small chromosomes, to that in the high DNA parent, with large chromosomes. For this reason we expect the progenies from a backcross, F1 x low DNA parent, to have DNA amounts ranging from that in the low DNA parent to that of the F1, i.e., the mid-parent value; from a backcross, F1 x high DNA parent, ranging from the mid-parent value to the high DNA parent. We would expect the progenies in F2, from selfing or intercrossing F1's, to have DNA amounts ranging from that of the low DNA parent to that of the high DNA parent. These expectations are based on the assumption that the viability of gametes, and of progenies, are not affected by variation in the amount of the supplementary DNA fraction. Departures from expectation may, therefore, provide information on the possible effects of the supplementary DNA on these aspects of the phenotype.
As for investigating the relation between quantitative DNA variation and the expression of phenotypic characters other than the viability of gametes and of zygotes the approach was as follows. Suppose, by way of illustration, that the high DNA parent were early flowering and the low DNA parent late flowering. Assuming (a) that the DNA sequences which make up the supplementary DNA in the high DNA parent have no effect upon flowering time, we should expect no correlation between DNA amount and flowering time within backcross or F2 progenies. Assuming, (b) that the DNA sequences which make up the supplementary DNA in the high DNA parent 3.3 3.7 4.1 4.5 4.9 5.3 5:7 6.1 6:5 6.9 DNA p.g.) contribute directly to the expression of early flowering, we should expect, in this case, correlations between DNA amount and flowering time within backcross and F2 progenies (see Rees and Jones, 1967) . If the effects of these sequences were additive and of comparable degree to those in other chromosome segments then the correlation would be linear.
We have to make one important qualification to the statements in (b)
above. The qualification has to do with the possibility of a correlated response due to close linkage between structural genes affecting flowering time and the DNA sequences which make up the supplementary DNA. Thus, if the supplementary DNA were interspersed with genes of more ancient lineage, which affected flowering time, their effects would be confounded and correlations of the kind discussed could arise even though the supplementary DNA sequences, in themselves, had no effect whatsoever upon flowering time. We are aware that the simple models we have invoked, are only two of many possibilities-bearing in mind the possibilities of many Seeds of the progeny populations, together with the parental species, were germinated in petri dishes before being transplanted, first, into multipot trays and later into pots of diameter 18 cm in John Innes No. 3 soil. A completely randomised design was used throughout. Morphological and other characters were scored in 40 plants in each of the parental species, although the numbers of plants scored in the different F2 and backcross populations were limited by shortage of seeds from some of the crosses.
Many of the characters chosen are under additive polygenic control.
Examples of these are seedling leaf number, tiller number, length of fifth leaf (Hayward and Breese, 1966) and date of ear emergence (Cooper, 1959 (Cooper, , 1961 The methods used were essentially the same as those described by Evans and Macefield (1973) . Crosses were made in all combinations between two inbreeding species (L. temulentum and L. remotum) and three outbreeding species (L. perenne, L. multiftorum and L. rigidum). Embryo culture was not required for crosses within the outbreeding group of species, or within the inbreeding group. F1's were produced from all species combinations, but the different F1 hybrids showed varying degrees of fertility (see table 2). For this 
MS = male sterile. LF = low male fertility. F = fully male and female fertile.
reason, only a few seeds of either F2's or backcrosses were produced from many of the cross combinations.
(b) DNA measurements DNA measurements in root meristem nuclei at late telophase or early interphase were made by Feulgen Photometry using a Vickers M85 microdensitometer. The method used was described in detail by Teoh and Rees (1976) and consisted of a double fixation, followed by cold hydrolysis in 5N HCI and staining in Feulgen at pH 22. Allium cepa roots, fixed and stained at the same time were used as controls for the measurements of DNA quantities of the different Lolium species, while L. temulentum was used as control for the measurements of DNA among the progeny populations.
An experiment involving 30 plants showed no significant differences in DNA amount between roots from the same plant. For this reason the DNA amount was scored in one root only of each plant. As the DNA measurements are time consuming, this enabled us to score more plants of each progeny.
RESULTS
(i) DNA Segregation in backcrosses and F2's (a) The backcrosses. Fig. 1 shows the DNA amounts in Lolium perenne, L. temulentum, the L. temulentum x L. perenne F1 hybrid and in the progeny of the backcross F1 x L. perenne. The parents differ by roughly 40 per cent and the F1 mean corresponds closely with the expected mid-parent value. The nuclear DNA amounts among backcross individuals range from that in the low DNA parent to that of the mid-parent value. As we have explained earlier, the range is to be expected, following recombination at meiosis in the F1. The distribution of DNA amounts within the backcross tends to the normal. In other backcrosses (table 3) the DNA distributions overall do not differ significantly from that in fig. 2 . It will be observed, however, that in the backcross of L. temulentum/L. multfiorum x L. mu1tfiorum, the mean DNA amount of the backcross progeny is significantly lower than the mid-parent value (table 3) . This suggests a selection against higher DNA amounts.
Whether the selection operates against gametes or against zygotes with high DNA amounts is not known.
Our main conclusion from these backcross results is that the gametes produced by the F1 and the zygotes resulting from fertilisation are both viable and effective despite a massive variation in nuclear DNA content. fig. 2 the DNA distribution within the F, produced from the cross L. temulentum x L. rigidum, along with the DNA distributions within parents. This F, is presented because, as in the case of the backcross in fig. 1 , it contains the most individuals. It shows ample evidence of DNA segregation among the F, population. The F, values range, as might be expected, from that in the outbreeding L. rigidum to that in the inbreeding L. temulentum. They tend to a normal distribution although there is some indication of a dearth of F, individuals with DNA values above the mid-parent values. This is confirmed by the reduction in mean DNA amount in the F, compared with the mid-parent value (table 3) .
DNA distributions among the other F,'s conform to those from the L. teniulentum x L. rigidum cross. The values range from the low to the high DNA parent values in each case. It will be seen from table 3 that the mean is also significantly lower than the mid-parent value in the L. remotum x L. rigidum F,.
In the L. temulentum x L. multifiorum F, the mean, although lower, is not significantly lower than the mid-parent value. The conclusions to be drawn from the F, results are the same as from the backcrosses. First, there is a remarkable tolerance both by gametes and zygotes of a massive nuclear DNA variation. Second, there is evidence for a small but significant effect of selection against either gametes or zygotes with high nuclear DNA amounts in some of the crosses. From this we conclude that the segments carrying the supplementary DNA may not be entirely inactive. We cannot be sure, however, whether the activity is directly attributable to the base sequences which make up the supplementary material or whether the activity is the outcome of structural genes interspersed within it.
(ii) DXA amounts and variation in phenotype
In the parent, backcross and F2 families 19 morphological and other phenotypic characters were investigated. For most of these characters there are substantial and highly significant differences between the parents. In .
. Davidson, 1976) . Even so, it is difficult to accept that this massive supplementary DNA fraction in the inbreeding Loliums, a 40 per cent increment over the nuclear DNA amount in the outbreeders, is completely" inert ". Yet, in so far as our experimental results go, there is certainly no evidence to the contrary-save for the significant reduction in gamete or zygote viability in some backcross and F2 hybrid derivatives. We should like, once again however, to point out that in all cases the reduction is slight. What needs to be emphasised is the surprising tolerance of a massive variation in DNA amount in both backcrosses and F2. From the standpoint of gamete and seedling viability the effect of the supplementary DNA is, at most, inconsiderable.
We have failed to demonstrate any effect of the supplementary DNA upon a wide variety of other characters of the seedling and adult plant phenotype. Are we justified, therefore, in concluding that this supplementary material has negligible effects upon growth and development, that it is of little genetic significance? There is one fact which suggests it may be wrong to do so. Despite the widespread and large-scale quantitative DNA variation among species, there is little or no DNA variation reported within species. If the constraint upon the DNA variation within species is a consequence of selection it follows that the supplementary DNA cannot be genetically inert. If this argument is to be sustained, however, how do we explain our failure to demonstrate, by assay, any effects upon the phenotype due to the supplementary DNA? In the first place it is possible that the experiments were on too small a scale and therefore lacked the precision for detecting minor changes in growth and development, minor changes which might, however, profoundly influence fitness and adaptation. A restriction upon scale, of course, was the need for measuring the DNA amount in each backcross and F2 individual. A second possibility is that a more effective assay would be achieved by concentrating upon a particular fraction of the supplementary DNA rather than deal with the whole. In this respect it is instructive to recall the work of Hewitt and John (1968) and of Southern (1970) . These authors described how supernumerary heterochromatic chromosome segments in grasshoppers affected chiasma frequencies throughout the chromosome complement at meiosis in spermatocytes. If the heterochromatic segments are indeed supernumerary they must consist of supplementary DNA sequences with distinctive genetic effects. It may be worthwhile emulating the approach of the authors above in Lolium and other comparable cases, viz, by identifying a particular fraction of the supplementary DNA, either visually as with heterochromatin or chemically, e.g., by in situ hybridisation, and to search for effects directly associated with its transmission. Until this is done it would be unwise to dismiss the supplementary DNA as genetically inert and redundant. Bearing in mind the massive amount of such material in Lolium we have to concede, however, that its genetic effects upon growth and development are, at most, surprisingly slight.
Finally, in connection with the contrast between the constraint upon DNA variation within species and the massive variation between species in many genera, there are strong grounds for believing that "speciation" in these cases may well be a sudden, cataclysmic event, an event associated with, ACTIVITY OF EXTRA DNA IN LOLIUM 421 perhaps even dependent upon, a massive reorganisation of the chromosomal DNA.
